Long-term intrinsic enhanced excitability is a characteristic of cellular plasticity and learning-dependent modifications in the activity of neural networks. The regulation of voltage-dependent K ϩ channels by phosphorylation/dephosphorylation and their localization is proposed to be important in the control of cellular plasticity. One-trial conditioning in Hermissenda results in enhanced excitability in sensory neurons, type B photoreceptors, of the conditioned stimulus pathway. Conditioning also regulates the phosphorylation of conditioned stimulus pathway phosphoprotein 24 (Csp24), a cytoskeletal-related protein containing multiple ␤-thymosin-like domains. Recently, it was shown that the downregulation of Csp24 expression mediated by an antisense oligonucleotide blocked the development of enhanced excitability in identified type B photoreceptors after one-trial conditioning without affecting short-term excitability. Here, we show using whole-cell patch recordings that one-trial in vitro conditioning applied to isolated photoreceptors produces a significant reduction in the amplitude of the A-type transient K ϩ current (I A ) detected 1.5-16 h after conditioning. One-trial conditioning produced a depolarized shift in the steady-state activation curve of I A without altering the inactivation curve. The conditioning-dependent reduction in I A was blocked by preincubation of the photoreceptors with Csp antisense oligonucleotide. These results provide an important link between Csp24, a cytoskeletal protein, and regulation of voltage-gated ion channels associated with intrinsic enhanced excitability underlying pavlovian conditioning.
Introduction
In addition to well documented changes in synaptic function associated with experience and learning, modifications of intrinsic cellular excitability are associated with a number of examples of associative learning such as pavlovian conditioning (Woody and Engel, 1972; Woody et al., 1976; Disterhoft et al., 1986; Moyer et al., 1996; Thompson et al., 1996) (for invertebrate review, see Sahley and Crow, 1998) . The regulation of voltagedependent K ϩ channels and their localization have been proposed to play a critical role in the control of cellular excitability. Recently, activity-dependent changes in the localization, phosphorylation, and activation of K ϩ channels in pyramidal neurons have been identified (Misonou et al., 2004) . In addition, a potential role for components of the cytoskeleton has been proposed to contribute to the alterations in K ϩ channel clustering in cultured pyramidal neurons (Surmeier and Foehring, 2004) . The interaction between channels and an actin-binding protein was supported by studies showing that Kv4.2 current density is substantially larger in filamen ϩ cells compared with filamen Ϫ cells (Petrecca et al., 2000) . The cytoskeleton has been proposed to play a major role in both experience-dependent synaptic plasticity and modifications in dendritic spine morphology (for review, see Fifkova and Morales, 1992; Halpain, 2000; Matus, 2000; Bonhoeffer and Yuste, 2002) . However, the contribution of spatial and temporal regulation of the actin cytoskeleton to intrinsic cellular excitability is primarily unknown.
In Hermissenda, one site of intrinsic excitability changes produced by pavlovian conditioning is neurons in the conditioned stimulus (CS) pathway (Crow and Alkon, 1980; Farley and Alkon, 1982; Alkon et al., 1985; Crow, 1985 Crow, , 1988 Goh et al., 1985; Matzel et al., 1990; Frysztak and Crow, 1993 , 1997 Gandhi and Matzel, 2000; . In animals that exhibit intrinsic enhanced excitability, a cytoskeletal-related protein, the phosphorylation of which is regulated by conditioning, has been identified in components of the CS pathway Xue-Bian, 2000, 2002) . Conditioned stimulus pathway phosphoprotein 24 (Csp24) is a cytoskeletal-related protein containing multiple actin-binding domains , homologous to other ␤-thymosin repeat proteins (Van Troys et al., 1999; Boquet et al., 2000; Hertzog et al., 2002 Hertzog et al., , 2004 Paunola et al., 2002) . The expression and phosphorylation of Csp24 is essential to intermediate-term memory formation after one-trial in vitro conditioning (Crow et al., 1999 . We showed previously that blocking the expression of Csp24 with an antisense oligonucleotide inhibited the development of intermediate-term memory expressed in identified type B photoreceptors as measured by enhanced excitability . Here, we report that one-trial in vitro conditioning produced a significant reduction in the transient K ϩ current (I A ) detected at 1.5, 3.5, and 16 h after conditioning in identified type B photoreceptors compared with control groups. In addition, conditioning produced a depolarized shift in the steady-state activation curve of I A without affecting the inactivation curve. Incubation of isolated type B photoreceptors with the Csp antisense oligonucleotide before one-trial conditioning blocked the reduction in I A produced by conditioning. These results show that a reduction in I A contributes to intrinsic enhanced excitability accompanying one-trial conditioning and that the modification in the voltage-dependent activation of I A is dependent on the expression of Csp24.
Materials and Methods
Photoreceptor isolation. Adult Hermissenda crassicornis were obtained from Sea Life Supply (Sand City, CA). Animals were fed scallops and held in modified 50 ml tubes maintained in a tank with recirculating artificial seawater (ASW) kept at 12-14°C on a 12 h light/dark cycle. Dissection protocols of the CNS were followed as described previously (Yamoah and Crow, 1994; Yamoah, 1997) . The CNSs were dissected in ASW and allowed to stabilize at 4°C for 10 min. The isolated CNSs were then treated with an enzyme mixture consisting of 1 mg/ml protease XXIV (Sigma, St. Louis, MO) and 3 mg/ml dispase II (Boehringer Mannheim, Mannheim, Germany) in ASW. The enzyme reaction was inactivated and the digestion terminated by several buffer exchanges performed over 10 -15 min with ASW containing 1% bovine serum albumin at 4 C. The photoreceptors were then excised from the CNS, and the transparent capsule around the photoreceptors was gently torn apart to expose the underlying cells. Type A and B photoreceptors were identified as described previously (Yamoah and Crow, 1994) .
One-trial conditioning procedure. The onetrial conditioning procedure has been described previously Forrester, 1986, 1991) . After 12 min of dark adaptation, the conditioning trial consisted of one 5 min presentation of light (10 Ϫ4 W/cm 2 ), the CS, paired simultaneously with the application of 5-HT to the isolated photoreceptor. The conditioning trial was followed by a wash with normal ASW and 12 min in the dark. The final concentration of 5-HT in ASW was 10 Ϫ4 M. Unpaired control groups received the light CS (5 min) followed by a 5 min period in the dark before applying 5-HT (5 min) to the isolated photoreceptors in the dark. The 5-HT was washed out after the 5 min exposure, and the photoreceptors were maintained in the dark for an additional 12 min.
To examine the role of Csp24 in the modification of I A in isolated type B cells produced by one-trial in vitro conditioning, Csp24 protein synthesis was inhibited by preincubation with an antisense oligonucleotide before conditioning. The specificity of the Csp antisense oligonucleotide treatment was demonstrated previously by the absence of an effect on Csp24 expression and the development of enhanced excitability after incubation with a scrambled oligonucleotide. In addition, treatment with the Csp antisense oligonucleotide did not significantly affect the synthesis of other proteins implicated in the conditioning of Hermissenda . Isolated photoreceptors were incubated for 18 -20 h in 5 M unmodified Csp antisense oligonucleotides 5Ј-GTGCAAGTCGACGGAAGGA-3Ј or ASW. After the incubation, isolated photoreceptors received the one-trial in vitro conditioning procedure or unpaired in vitro control procedure. After one-trial conditioning, A-type K ϩ currents were examined in isolated lateral type B cells at 1.5, 3.5, and 16 h after conditioning. Unpaired controls were examined at 3.5 h, a time in which short-term changes in excitability had decreased to control levels as established by current-clamp procedures (Crow and Siddiqi, 1997; Crow et al., 1999) .
Solutions. All chemicals were obtained from Sigma unless indicated. ASW used for dissection and the CNS wash contained the following (in mM): 400 NaCl, 10 KCl, 10 CaCl 2 , 50 MgCl 2 , 15 HEPES. The isolated nervous system and photoreceptors were incubated in a solution containing the following (in mM): 360 NaCl, 5 KCl, 5 K-glutamate, 10 CaCl 2 , Figure 1 . Whole-cell K ϩ currents recorded from type B photoreceptors of Hermissenda. A, Representative traces for a family of K ϩ currents obtained from a holding potential of Ϫ80 mV and stepped up to ϩ40 mV, with ⌬V ϭ 10 mV. The recordings were made after 0.5 h in the incubation media. Inward sodium and calcium currents were reduced/removed by substituting choline for sodium and calcium ions. The duration of the stepped pulse in A and B was 2 s. Inset, The cell was held at Ϫ80 mV and then stepped to ϩ30 mV for 2.5 s. The transient current was abolished by the application of 2.5 mM 4-AP. B, Similar data obtained from a type B cell after 18 h of incubation. C, Current density-voltage curve for peak and steady-state (I ss ) values obtained from type B cells (mean Ϯ SD; n ϭ 9). D, Summary data of the steady-state activation and inactivation curves. The inset represents a typical steady-state inactivation protocol. The cell was held at Ϫ80 mV and stepped to a different prepulse for 4 s and then stepped to the ϩ30 mV test pulse. The duration of the pulse shown in the inset for the deactivation current traces was 50 ms. Representative tail currents and current traces used to generate the curves are shown in the insets. For clarity, some of the current traces were not plotted. The activation and inactivation curves were obtained by plotting the normalized peak current (I/I peak ) at each test potential and then fitted by the following Boltzmann equations:
Ϫ1 , respectively, where V 1/2 is the half-activation/inactivation voltage and k m/h is the maximum slope. The estimated V 1/2 and k m from the activation curves were Ϫ2.7 Ϯ 2.9 and 14.4 Ϯ 2.3 mV (0.5 h; n ϭ 9), 3.1 Ϯ 1.8 mV, and 15.2 Ϯ 1.0 mV (18 h; n ϭ 9), respectively. For inactivation, the estimated V 1/2 and k h from the inactivation curves were Ϫ33.3 Ϯ 1.1 and 16.4 Ϯ 0.94 mV (0.5 h; n ϭ 9), Ϫ33.9 Ϯ 2.01 mV, and 12.0 Ϯ 4.2 mV (18 h; n ϭ 9), respectively. 50 MgCl 2 , 10 glucose, 15 HEPES. The solution was sterile-filtered, and the pH was adjusted to 7.8 with 1N NaOH. The extracellular or bath solution during recording of whole-cell K ϩ currents consisted of the following (in mM): 360 choline chloride, 50 MgCl 2 , 0.5 CaCl 2 , 10 glucose, 100 KCl, 15 HEPES. This solution was sterile-filtered and adjusted to pH 7.7 with 1 M KOH. The external K ϩ was increased to shift the reversal potential to approximately Ϫ35 mV, reduce the magnitude of the current, ensure adequate voltage control, and minimize the voltage-clamp error. The pipette solution contained the following (in mM): 400 KCl, 20 NaCl, 2 MgCl 2 , 2 EGTA, 5 Na-ATP, 10 reduced glutathione, 50 HEPES. This was also sterile-filtered and adjusted to pH 7.4 with 1 M KOH. For all recording solutions, KCl was used to maintain an osmolarity of ϳ1000 mOsm.
Whole-cell K ϩ current recordings. Whole-cell recordings were performed using standard patch-clamp recordings with an Axopatch 200B amplifier (Axon Instruments, Union City, CA). A horizontal electrode puller (model P-97; Sutter Instruments, Novato, CA) was used to make patch pipettes from borosilicate glass capillaries (outer diameter, 1.5 mm; inner diameter, 1 mm; World Precision Instruments, Sarasota, FL). Pipette tips were then fire-polished using a microforge (MF-830; Narishige, Tokyo, Japan) to obtain tip diameters ϳ1 m. Using pipette solutions with an ionic strength equivalent to seawater (internal solution), the pipette resistances were ϳ0.8 M⍀, and only cells in experiments with seal resistances Ͼ1.2 G⍀ were accepted for analysis. The access resistance was compensated by ϳ80%, and the estimated voltage error was ϳ4 mV given a maximum current of ϳ5 nA. A 3% agar bridge with 3 M KCl was used for the reference electrode. The membrane capacitances were measured using a brief pulse (10 ms) from a holding potential of Ϫ80 mV to a test potential of Ϫ100 mV. Statistically significant differences in capacitance between normal controls (X ϭ 34.7 Ϯ 5 pF) and one-trial in vitro conditioning (X ϭ 26.8 Ϯ 4.8 pF) were observed (t (50) ϭ 5.8; p Ͻ 0.001). Therefore, the current density of I A was examined in conditioned and control groups. Currents were digitized through an analog-to-digital converter (Digidata 1200; Axon Instruments). Data collection was controlled through pClamp software (version 8.0; Axon Instruments), and experiments were performed at room temperature (ϳ22°C). Data analysis of recorded currents was performed using Clampfit 8.1 (Axon Instruments) and Origin 6.0 (Microcal Software, Northampton, MA).
Statistical analysis. Descriptive statistics involved pooled data that were presented as means Ϯ SD. Overall significant differences were examined with one-way ANOVA followed by post hoc two-group comparisons. In some comparisons, significant differences between two groups consisted of t tests for independent groups. A conservative ␣ level ( p Ͻ 0.01) was used with the ANOVA to establish overall significant differences.
Results

Whole-cell currents recorded at different times in the incubation media
Isolation and incubation of type B-photoreceptors do not adversely affect the elicitation of K ϩ currents under the whole-cell voltage clamp. As shown in Figure 1 , K ϩ currents elicited from a holding potential of Ϫ80 mV and stepped to ϩ40 mV were similar for photoreceptors incubated for 0.5 h (Fig. 1 A) compared with 18 h (Fig. 1 B) . Group summary data shown in the current density-voltage curves in Figure 1C revealed similar values for peak and steady-state currents assessed at 0.5 and 18 h. The statistical analysis showed that there were no significant differences (X D ϭ 0.01) in the peak current measured at ϩ20 mV for the 0.5 and 18 h groups (t (16) ϭ 2.05; NS). Significant differences in the steady-state current measured at ϩ20 mV were not detected for the 0.5 and 18 h groups (X D ϭ 0.01) (t (16) ϭ 1.89; NS). The summary data for the steady-state activation and inactivation curves shown in Figure 1 D were also similar for the 0.5 and 18 h groups. The mean Ϯ SD of the half-activation voltage (V 1/2 ) at 0.5 h was Ϫ2.7 Ϯ 2.9 mV and at 18 h, Ϫ3.1 Ϯ 1.8 mV. The maximum slope (k m ) was 14.4 Ϯ 2.3 mV at 0.5 h and 15.2 Ϯ 1.0 mV for the 18 h group (Fig. 1 D) . The V 1/2 and k h values for the inactivation curves were Ϫ33.3 Ϯ 1.1 and 16.4 Ϯ 0.94 mV for the 0.5 h group and Ϫ33.9 Ϯ 2.01 and 12.0 Ϯ 4.2 mV for the 18 h group. The insets of Figure 1 D show representative tail currents and current traces used to generate the activation and inactivation curves. The time constants of activation and inactivation for the transient A-type K ϩ current measured in type B photoreceptors was not changed after 18 h in the incubation medium (Fig.  2) . The activation time constant of the transient component of the outward K ϩ current measured at 0.5 h was virtually identical to the 18 h group (Fig. 2 A) . As shown in Figure 2 B, the inactivation time constant of the transient outward K ϩ current was not changed after 18 h in the incubation medium.
One-trial in vitro conditioning
One-trial conditioning produced a decrease in the current density of the transient A-type K ϩ current in B photoreceptors measured from 1.5 to 16 h (Fig. 3) . Representative current traces for the conditioned groups and normal controls are shown to the right in Figure 3A . The group summary data shown in the current density-voltage curve in Figure 3A revealed a decrease in current density for the conditioned groups (n ϭ 7) relative to the control group (n ϭ 7). The statistical analysis of differences measured at ϩ20 mV showed an overall significant difference between the control and treatment groups (F (3,28) ϭ 92.6; p Ͻ 0.001). Post hoc all pairwise multiple comparisons revealed that current densities for the 1.5 h group were significantly less than the control (q ϭ 14.4; p Ͻ 0.05), the 3.5 h group was significantly reduced relative to the control group (q ϭ 19.3; p Ͻ 0.05), and the 16 h group was significantly reduced relative to the controls (q ϭ 21.3; p Ͻ 0.05). In addition, current densities for the 3.5 and 16 h groups were significantly less than the 1.5 h group (q ϭ 4.9, p Ͻ 0.05; and q ϭ 6.9, p Ͻ 0.05, respectively). In contrast, the unpaired control (n ϭ 6) group shown in Figure 3C was not significantly different from the control (n ϭ 6) with respect to the current density of the transient outward current (t (10) ϭ 1.6; NS). In addition, current densities of the unpaired control group (X ϭ 0.13 Ϯ 0.005) at 3.5 h were significantly different from the conditioned group (X ϭ 0.06 Ϯ 0.01) at 3.5 h (t (12) ϭ 11.6; p Ͻ 0.01). The steady-state activation curves of the transient A-type K ϩ current in type B photoreceptors measured at 1.5, 3.5, and 16 h after conditioning revealed a depolarized shift compared with controls. With conditioning, V 1/2 was 24.7 Ϯ 1.0, 19.5 Ϯ 3.5, and 21.3 Ϯ 2.6, and V 1/2 ϭ 1.9 Ϯ 1.4 for controls. However, the slopes were not significantly affected by conditioning. The maximum slopes were 15.9 Ϯ 2.3, 14.2 Ϯ 4.1, and 16.3 Ϯ 1.8 for the conditioned groups and k m ϭ 17.8 Ϯ 1.2 for the controls (Fig. 3B) .
One-trial in vitro conditioning reduced the steady-state activation of the transient K ϩ conductance but did not alter the inactivation of the conductance. As shown in Figure 4 A, the steadystate activation of the conductance at 1.5, 3.5, and 16 h was shifted to a more positive voltage compared with the control group. In contrast, the inactivation of the transient K ϩ conductance was not affected by one-trial conditioning (V 1/2 ϭ Ϫ34.1 Ϯ 2.5, Ϫ32.3 Ϯ 3.3, Ϫ36.1 Ϯ 2.8 mV) compared with the controls (V 1/2 ϭ Ϫ36.4 Ϯ 13 mV) (Fig. 4 A) . An analysis of the steady-state properties of the A-type K ϩ current revealed that one-trial conditioning produced an approximately threefold reduction in the transient current measured 1.5, 3.5, and 16 h after conditioning (Fig. 4 B) .
Antisense oligonucleotide treatment
Incubation of isolated type B photoreceptors with the antisense oligonucleotide blocked the reduction in the transient A-type K ϩ current that is normally produced by one-trial conditioning. Examples of K ϩ currents elicited from a holding potential of Ϫ80 mV and stepped to ϩ40 mV with a ⌬V of 10 mV are shown in Figure 5A for normal controls and in Figure 5B for antisensetreated groups. The transient outward K ϩ currents were similar for both controls and antisense-incubated photoreceptors. The group summary data for the antisense controls and antisenseconditioned groups 1.5, 3.5, and 16 h after conditioning are shown in the current density-voltage curves in Figure 5C . The results of the ANOVA did not show a significant overall effect (F (3,24) ϭ 3.6; NS). These results show that blocking the expression of Csp24 by incubation of isolated type B photoreceptors with the Csp24 antisense oligonucleotide blocks the induction and development of the conditioning-dependent reduction in the transient A-type K ϩ current. The Csp24 antisense oligonucleotide incubation blocked the characteristic changes in the gating properties of the transient K ϩ current produced by one-trial conditioning. As shown in Figure  6 A, the steady-state activation and inactivation curves for the Csp24 antisense control groups were virtually identical to the antisense conditioned groups assessed 1.5, 3.5, and 16 h after conditioning. These results are in contrast to the effect of onetrial in vitro conditioning on the activation curves shown in Figure 4 A. An examination of the steady-state properties of the current versus voltage revealed that the antisense oligonucleotide treatment blocked the change in the transient K ϩ current as shown in Figure 6 B for controls and groups tested 1.5, 3.5, and 16 h after conditioning.
Discussion
Previous studies of associative learning in Hermissenda have shown that pavlovian conditioning results in long-term intrinsic enhanced excitability of neurons in the CS pathway (Crow and Alkon, 1980; Farley and Alkon, 1982; West et al., 1982; Crow, 1985; . Voltage-clamp studies identified a reduction in several K ϩ currents, I A and I K,Ca , as contributors to conditioning-dependent enhanced excitability (Alkon et al., Ϫ1 , where V 1/2 is the half-activation voltage, and k m is the maximum slope. Overall significant differences were observed at different times for the conditioned groups compared with the control group ( p Ͻ 0.001). C, Summary group data shown in current density-voltage plot of I A from normal controls (n ϭ 6) and an unpaired group (n ϭ 6) examined 3.5 h after the unpaired control procedure. In contrast to one-trial conditioning, there were no statistically significant differences between the normal control group and the unpaired control group at 3.5 h; however, the conditioned group at 3.5 h was significantly different from the unpaired control group ( p Ͻ 0.01). Error bars represent SD. 1982 SD. , 1985 . Intrinsic enhanced excitability is a general mechanism of pavlovian conditioning as supported by studies of different examples of plasticity detected in several neural systems from diverse species (Woody and Engel, 1972; Woody et al., 1976; Disterhoft et al., 1986; Moyer et al., 1996; Thompson et al., 1996) . In addition, enhanced local excitability of pyramidal neuron dendrites occurs with hippocampal long-term potentiation (LTP) (for review, see Johnston et al., 2003) . The long-term modification of intrinsic enhanced excitability is proposed to be a function of alterations in voltage-gated ion channels. The local increase in dendritic excitability that accompanies LTP induction can be accounted for by a hyperpolarizing shift in the steady-state inactivation curve of I A (Frick et al., 2004) . Previously, pavlovian conditioning was shown to reduce the peak amplitude of I A in type B photoreceptors of Hermissenda . We have shown previously that one-trial conditioning results in intrinsic enhanced excitability of neurons in the CS pathway that is similar to modifications in excitability observed after multitrial conditioning Forrester, 1991, 1993; Crow et al., 1996 Crow et al., , 1999 Crow and Siddiqi, 1997) . Potential changes in ion channel function underlying one-trial conditioning have not been examined, although simulation studies indicated that combinations of changes in voltage-dependent and Ca 2ϩ -dependent conductances produced increases in 5-HT-dependent enhanced excitability comparable with experimental observations (Cai et al., 2003) . Here, we have examined the contribution of I A to enhanced excitability produced by one-trial conditioning.
In this report, we found that one-trial in vitro conditioning resulted in a shift in the activation of I A to more depolarized potentials. The depolarizing shift in the activation curve for I A was not accompanied by a significant change in the maximum slope of the activation curve at 1.5, 3.5, or 16 h after conditioning compared with controls. In addition, there were no significant changes in the inactivation curves for I A assessed at different times after conditioning. We found that one-trial conditioning produced an approximately threefold reduction in I A measured 1.5, 3.5, and 16 h after conditioning. Incubation of isolated identified type B photoreceptors with an antisense oligonucleotide directed at Csp24 blocked the reduction in I A normally produced by one-trial conditioning. Blocking the expression of Csp24 by incubation of isolated type B photoreceptors with the Csp antisense oligonucleotide blocked the induction and development of the conditioning-dependent reduction in I A . However, the antisense treatment did not affect the activation-inactivation curves for I A at different times after conditioning compared with each postconditioning time and to normal controls (Fig. 6) .
After the in vitro conditioning procedure, the current density of I A plummeted in conditioned photoreceptors. Using the Hodgkin and Huxley (1952) formalism of whole-cell currents and the description of I A in the photoreceptors by Sakakibara et al. (1993) , the activation state variable m was reduced after conditioning, resulting in a profound reduction in the current magnitude (Fig. 4) . The decline in the macroscopic tail current density observed in conditioned animals can reflect a reduction in single-channel amplitude, gating/open probability ( p o ), or a decrease in the number of channels ( N). Analyses of the steady-state activation of the whole-cell current, denoted by Np o versus voltage, suggest that conditioning may alter one of the variables. Because the slope factor of the activation curves were essentially unaltered, it is unlikely that the gating kinetics of the channel is affected by conditioning. However, changes in the number of functional channels and a reduction in the single-channel conductance are a possible means by which I A may be reduced. Therefore, the elementary properties of the channel must be assessed before a definitive conclusion can be reached.
In a previous study, we found that selective inhibition of Csp24 synthesis by incubation with an unmodified antisense oligonucleotide blocked the expression of intermediate-term enhanced excitability while leaving short-term enhanced excitability intact . The effect exhibited specificity, because other proteins implicated in conditioning-dependent plasticity in Hermissenda were not significantly affected by the antisense treatment. Moreover, incubation in a scrambled oligonucleotide did not reduce Csp24 synthesis or block enhanced excitability associated with intermediate-term memory .
How does a cytoskeletal-related protein such as Csp24 contribute to the modifications in ion channel function accompanying one-trial conditioning? The assembly and disassembly of actin filaments induced by extracellular signals contribute to a number of cellular processes. The actin cytoskeleton has been proposed to play a key role in cellular and synaptic plasticity (Fifkova and Morales, 1992 . One-trial conditioning reduced (produced a rightward shift) the steady-state activation of I A but did not alter the inactivation currents. A, Steady-state activation and inactivation curves from the control group and groups tested 1.5, 3.5, and 16 h after one-trial conditioning. The conductances were estimated from the calculated reversal potential for K ϩ (E k , approximatelyϪ35 mV). In contrast to the activation curves, the inactivation curves were not shifted after conditioning. Thus, the magnitude and range of the window currents were reduced after conditioning. Error bars represent SD. g, Conductance; g max , maximum conductance. B, Assuming an m 3 h state variable in the description of the steady-state properties of I A , conditioning reduced the magnitude of I A by approximately threefold. mactin cytoskeleton requires both temporal and spatial regulation. The activity of these proteins is in turn modulated by intracellular signals, resulting in the recruitment of actin nucleation and polymerization at specific cellular sites (for review, see Schmidt and Hall, 1998) . The synthesis and regulation of Csp24 by phosphorylation is a likely mechanism that could influence actin dynamics. Recent studies have shown that neuronal activity may alter the localization and properties of K ϩ channels contributing to intrinsic excitability. In cultured rat hippocampal pyramidal cells, glutamate stimulation causes a dephosphorylation of Kv2.1 K ϩ channels, a translocation of the channels from clusters to a more uniform distribution, and a shift in the activation curve for I K (Misonou et al., 2004) .
A major aspect of the contribution of actin to cellular plasticity may also involve its role in anchoring ion channels to the plasma membrane, in addition to directly contributing to the regulation of K ϩ channel activity (Ehrhardt et al., 1996; Maguire et al., 1998; Maruoka et al., 2000) . Interestingly, studies of inward rectifier channels have identified actin-binding proteins that may contribute to the anchoring and stabilization of ion channels in the plasma membrane (Leonoudakis et al., 2004) . In addition, voltage-gated channels can interact with cytoplasmic proteins that may modulate channel function. The cytoplasmic scaffold protein filamin A contributes to the localization of cyclic nucleotide-gated cation pacemaker channels (Gravante et al., 2004) . Filamin has been proposed to function as a scaffolding protein in the postsynaptic density that mediates a link between Kv4.2 channels and actin (Petrecca et al., 2000) .
Previous work has shown that the enhanced excitability of type B photoreceptors is associated with 5-HT-dependent modulation of the sustained Ca 2ϩ current, a hyperpolarizationactivated inward rectifier current, and several K ϩ conductances (I A , I K,Ca ) (Acosta-Urquidi and Yamoah and Crow, 1995, 1996) . Reductions in I A shown here would be expected to enhance excitability. Therefore, the regulation of Csp24 by onetrial conditioning may contribute to changes in K ϩ channel organization or distribution by influencing actin filament activity or affect channel function by regulating actin filament dynamics and scaffolding proteins in neurons of the CS pathway during the intermediate-term transition period between short-and longterm memory. Figure 5 . Csp antisense incubation blocked the reduction in I A produced by one-trial conditioning. A, Exemplary I A current traces elicited from a holding potential of Ϫ80 mV to step potentials ranging from Ϫ80 to ϩ40 mV with ⌬V ϭ 10 mV. B, Similar current traces elicited from an antisense-treated conditioned type B photoreceptor. C, Group summary data in current densityvoltage plot of I A from the normal control group (n ϭ 7) and groups examined 1.5 h (n ϭ 7), 3.5 h (n ϭ 7), and 16 h (n ϭ 7) after one-trial conditioning. All conditioned groups were incubated in the antisense oligonucleotide. There were no statistically significant changes in the current densities in antisense-treated B cells measured at the different times after conditioning relative to the control group. Error bars represent SD. Figure 6 . Csp antisense blocked the characteristic changes in the gating properties of I A in type B photoreceptors. A, Steady-state activation and inactivation curves for the Csp antisensetreated groups examined 1.5, 3.5, and 16 h after one-trial conditioning and normal controls. The conductances were estimated from the calculated reversal potential for K ϩ (E k , approximately Ϫ35 mV). Compared with the control group, the activation and inactivation curves remained unchanged in contrast to the effects of conditioning (Fig. 4) . Thus, the magnitude and range of the window currents were unaltered after conditioning for the groups incubated in the antisense oligonucleotide. Error bars represent SD. g, Conductance; g max , maximum conductance. B, Assuming an m 3 h state variable in the description of the steady-state properties of the current, the Csp antisense treatment blocked the reduction in the magnitude of I A normally observed after one-trial conditioning. m 3 , Activation state variable; h, inactivation state variable.
